Introduction
Flowers of all the current commercial strawberry cultivars (Fragaria x ananassa Duch.) are hermaphrodite and self-fertile. However, these flowers may not be completely self-fertilizing (McGregor, 1976) . Indeed, the stamens are positioned in such a way within the flower that, when anthers dehisce, pollen drops on many, but not necessarily all of the pistils (McGregor, 1976) . The fertilized ovules (achenes), through auxin release, promote receptacle development (Nitsch, 1950) . The achenes, resulting from fertilized ovules, are surrounded by a well-developed fleshy tissue, while receptacle zones containing non-fertilized ovules will not develop, originating a misshapen and smaller berry . If there is no insect-transported pollen, the combined action of gravity and wind assures most of the pollination, even though the pollination rate of the achenes rarely surpasses 60% (Pion et al., 1980) . There is a relationship between the number of fertilized ovules (achenes) and berry weight (Nitsch, 1950; Oliveira et al., 1983; Chagnon et al., 1989; Albano et al., 2005a) .
Honey bees (Apis mellifera L.) are recognized as the main pollinator of the strawberry crop (Nye and Anderson, 1974; Goodman and Oldroyd, 1988; Chagnon et al., 1989; De Oliveira et al., 1990; Svensson, 1991; Free, 1993) . Nonetheless, several recent studies have been carried out with the aim of extending the range of appropriate pollinators for this crop. For greenhouse conditions Bombus spp. is another widely used pollinator group (Paydas et al., 2000; Zaitoun et al., 2006) . Several species of stingless bees have also been the subject of many studies. In Japan, Nannotrigona testaceicornis Lepeletier and Trigona minangkabau have been successful tested for strawberry pollination inside greenhouses (Maeta et al., 1992; Kakutani et al., 1993) and Malagodi-Braga and Kleinert (2004) in Brazil have shown that Tetragonisca angustula Latreille is an effective strawberry pollinator that can promote a significant increase in overall strawberry production. Some Megachilidae, such as Osmia rufa L., were also found to be effective pollinators of this crop, applicable in plastic tunnels or greenhouses .
The use of managed species (A. mellifera, Bombus spp. and others) as pollinators may be vital in: i) large monocultural crops, where a great pollination effort is required; ii) ecosystems where populations of natural pollinators are reduced due to lack of adequate habitat and the use of pesticides; iii) enclosed crops such as in greenhouses; and iv) seasonal crops that precede the annual http://dx.doi.org/10.1016/j.sjbs.2017.08.003 1319-562X/Ó 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). activity of pollinator insects (Teixeira and Branco, 2006) . However, the problems that beehives have been facing in recent years (parasites, africanisation and others) and the consequent decline of their number, have resulted in the decrease of the available colonies for pollination and the rise of rental prices (Delaplane and Mayer, 2000) . This, together with threats to native bee abundance and diversity, has contributed to the increase in research efforts on the role of native bee species in pollination of agricultural crops (Stubbs and Drummond, 2001) . Furthermore ''Colony Collapse Disorder" (CCD) has recently created a very serious problem for beekeepers and could threaten the pollination industry (Johnson, 2008) . Native pollinators are especially appealing because they are more adapted to regional conditions and may assure pollination of strawberry flowers even when climatic conditions do not favour honey bee activity . On certain crops, some native bee species were shown to possess a pollination efficiency that is equivalent, or higher, to that of A. mellifera (Freitas and Paxton, 1998; Canto-Aguilar and Parra-Tabla, 2000) . In the particular case of strawberry crops, there is evidence for a complementary effect of native bees and honey bees visits on flower pollination (Chagnon et al., 1993; Malagodi-Braga and Kleinert, 2007) . Chagnon et al. (1993) also suggest that the introduction of beehives may be questionable in sites where population densities of natural pollinators are high. Several methods have been used to compare the efficiency and effectiveness of flower-visiting insects as pollinators in strawberry crop. Nye and Anderson (1974) estimated pollination efficiency of different visiting-insect categories by attributing scores based on factors such as the amount of loose pollen carried on the body of the insect, body size, hairiness, and degree of activity. Abrol (1989) compared the efficiency of different insect pollinators on the basis of their field behavior, nectar-pollen carrying capacity and ability to pollinate flowers per unit of time. Chang et al. (2001) and Zaitoun et al. (2006) performed comparative studies with A. mellifera and A. cerana Fabr., and with bumble bees and honey bees, respectively, analyzing several pollination effects in factors like fruit weight and percentage of malformed fruits. In view of the above, the present investigations were undertaken with the objective to determine pollinator complex, their population dynamics in relation to weather factors and the impact of pollinator visitation on qualitative and quantitative fruit production.
Materials and methods

Field work
The work was carried out in a strawberry field laid out at University Campus Udheywala Jammu, during Rabi 2014-2015. Strawberry (Variety Chandler) runners were transplanted in the second week of October in 3 m Â 2 m plots with a plant density of approximately 60,000 plants/ha; plants were planted, in double-rows, at a distance of 30 cm from each other, growing on black plastic mulching; a drip irrigation system was used. The row to row and plant to plant distance was kept as 45 cm Â 30 cm. In this field, Integrated Pest Management (IPM) procedures were adopted for crop protection.
The field observations were made during the 2014 blooming period (from late March until late May). Observations on bee/insect count were made on the number of bees and other pollinators right from commencement of the flowering till its complete cessation. Bee counts were made per 100 flowers per minute and mean population was calculated accordingly. Every day, several closed flower buds were enclosed in small synthetic nylon netting bags in order to exclude all insect visits. For this purpose, 60 flower buds chosen at random were marked and isolated from insect visits by enclosing them in synthetic nylon netting (self pollination) and equal number of buds left for open pollination (open pollination). After the harvest, fruit set was compared in both the treatments. The exclusion bags permitted airflow around the flowers and allowed wind to move the flower. The bags were removed when the flowers senesced. At the moment of ripeness normally considered for commercial purposes, the fruits were picked and their weight recorded. Then, in the laboratory, physico-chemical parameters were recorded as given below.
Color and shape of the fruit
Color and shape of the fruit was observed with the naked eye by comparing the fruits from a unit sample of 10 fruits with three replications.
Size
A unit sample of 10 fruits with three replication was drawn and length and diameter was taken with the help of digital clipper.
Average weight
A unit sample of 10 fruits with three replications with their respective weights was taken with the help of top pan balance and expressed as gms (g). The average weight was calculated of five fruits by dividing total weight by the number of fruits.
Volume
Volume of fruit was measured by water displacement method. Subsequently, the average of five fruits from each replication was calculated and expressed in cubic centimeter (cc).
Specific gravity
Specific gravity of fruit was calculated by dividing the fruit weight in air by volume of water displaced.
Total soluble solids
Total soluble solids (TSS) were measured by refractometer and the results were expressed as degree brix ( 0 Brix). The readings were corrected by incorporating the appropriate correction factor for temperature variation (Anonymous, 1985) .
Titratable acidity
Titratable acidity was estimated by titrating a known aliquot of the sample against 0.1 N sodium hydroxide solution to a faint pink color using Phenolphthalein as an indicator. The total titratable acidity was calculated and expressed as per cent malic acid.
Statistical analysis of data
The recorded data were analyzed for their variation between different treatments using Sokal and Rholf (1981) .
Results and discussion
Diversity of insect pollinators visiting strawberry bloom
The data presented in Table 1 and Fig. 1 showed that strawberry blossoms attracted insects belonging to 4 orders, 7 families and 12 species. Of all these insects, honey bees viz. A. cerana, A. mellifera, A. florea, A. dorsata were the dominant flower visitors. Their abundance was in the order: A. melliferra > A. cerana > A. florea > A. dorsata. The other insect visitors included soil nesting solitary bees such as Andrena leana and A. ilerda, butterflies, houseflies, syrphid flies and some beetles. The latter group of insects visited the strawberry bloom at interrupted intervals and was not considered as the reliable pollinators. Evidently, the honey bees, which frequently visited the strawberry bloom in large numbers throughout the day, constitute the most important pollinators. Bees are by far the most effective strawberry flower pollinators (Antonelli et al., 1988) . Singh (1979) in India reported honey bees and some other insects as the most important flower visitors of strawberry. Woo et al. (1986) in South Korea reported that, hoverflies (syrphidae) and solitary bees, especially Andrenidae, were common visitors to strawberry flowers. Abrol (1989) found A. cerana as an important pollinator of strawberries and comprised more than 80 per cent flower visitors. The other pollinators included Lasioglossum species, Xylocopa spp. ants and flies. It was previously reported that honeybees (A. mellifera and A. cerana) are worthy pollinators (McGregor, 1976) . Kabayashi (1970) and Maeta (1978) recorded some other pollinators such as Eristalis cerealis (Diptera) and Osmia cornifrons frequenting flowers of strawberry. Several investigators reported that among the various insects (honeybees, flies, beetles, thrips, and butterflies) visiting strawberries honeybees accounted for about 63 percent (Nye and Anderson, 1974; Singh, 1979; Pion et al., 1980) . Anderson (1964) collected 108 species of insects belonging to 35 families visiting strawberry flowers in Utah and USA. He categorized one species of honeybees, 2 species of Osmia, 1 species of Halictus and 2 species of Eristalis as the most important pollinators. Free (1968) reported that very few bumble bees were visiting strawberry flowers and relatively cold weather deferred honey bees from doing so. Hooper (1932) reported that pollination is carried mainly by insects other than bees and especially by Diptera when it is cold. Insect pollinators are also reported to vary from crop to crop from one location to another and during different parts of the year. In South Korea, hoverflies (syrphidae) and solitary bees, especially Andrenidae, were common visitors to strawberry flowers (Woo et al., 1986) . 
Foraging behavior
Differences were found between the behavior of A. mellifera, Acerana, A. florea and A. dorsata and native bees during their visits to strawberry flowers. While A. mellifera always landed on the top of flowers, native bees landed on the stamen zone, and occasionally even on the petal zone. During visits, both A. mellifera and native bees performed a circular movement around the flower, allowing contact with basal pistils (which are close to the stamens), but while A. mellifera ensured a contact with the head as its proboscis was inserted into nectaries, native bees made that contact using the whole body, amid the rows of stamens, alternating between pollen and nectar collection. While foraging for nectar, the body size of A. mellifera allowed permanent contact of its thorax and abdomen with the apical pistils, promoting the transport and deposit of pollen within this flower region. However native bees, due to their smaller body size, rarely contacted the apical region, restricting most of their action to the basal zone. It should be noted that this description referred to the whole sample of observed individual bees of the Halictidae family. In post study observations, other native bees, such as those belonging to the Andrenidae and Megachilidae families, with larger body sizes, were occasionally observed on flowers, showing a similar behavior to that of A. mellifera. Eristalis spp. (Diptera, Syrphidae) were mostly observed performing a circular movement around flower stamen rows, reaching the nectaries with their proboscis and probing the anthers, one by one. During their visits, these indigenous syrphid flies allowed permanent contact of their bodies not only with the basal but also with the apical pistils, due to their large body sizes. A. dorsata lay across the flowers rubbing pollen against the stigma whereas A. florea being of smaller size restricted movements in the basal zone. A. cerana commenced activities much earlier than A. mellifera, A. dorsata and A. florea and activities ceased later than other bees. Interestingly populations of A. florea were observed in large numbers throughout the day. In earlier studies, Abrol (1989) compared the efficiency of different insect pollinators on the basis of their field behavior, nectar-pollen carrying capacity and ability to pollinate flowers per unit of time.
Seasonal activity of strawberry pollinators in relation to weather parameters
Observations made during the blooming period of strawberry revealed that the activity all the four honeybee species A. cerana, A. mellifera, A. dorsata and A. florea started during the 4th standard week when the maximum and minimum temperature, morning and evening relative humidity and rainfall were 15.40 and 1.70°C, 92.10 and 30.10 and 0.00 respectively ( 
Correlation between insect pollinators population and weather parameters on strawberry
Analysis of data on seasonal abundance of pollinators on strawberry bloom in relation to different environmental variables such as maximum and minimum temperature, morning and evening relative humidity and rainfall revealed that changes in maximum and minimum temperature, morning and evening relative humidity did not significantly influence the field activities of A. cerana, A. mellifera, A. dorsata, syrphids and other insect visitors (Table 3) . However, foraging populations of A. florea responded significantly to variations in maximum and minimum temperature. The relationship between A. florea population at maximum and minimum temperature was found to be highly significant. Foraging populations of A. florea were significantly and negatively influenced by morning relative humidity. However, the evening relative humidity though negatively influenced the population but the relationship was not significant. Rainfall had a negative effect on the foraging activity of all the insect pollinators except A. dorsata but the relationship was not significant with foraging populations of any of the pollinators. Each bee pollinator has specific ecological threshold for foraging activity which differ inter and intra specifically depending upon the level of adaptation of a given species in an environment (Burill and Dietz, 1981; Abrol and Kapil, 1986) . Burill and Dietz (1981) reported that the bee activity increased with temperature but was not effected by relative humidity and vapour pressure. Nunez (1977) found that in case of A. mellifera, morning activity was related to nectar flow and in the evening it was correlated with the photoperiod. Iwama (1977) found that the interaction between temperature and light intensity was responsible for the flight activity of Tetragonisca angustica. Abrol and Kapil (1986) found that light intensity and solar radiations were important factors controlling flight activity of Megachile lanata. In India, honey bees and some other insects were recorded as the most important flower visitors (Singh, 1979) .
Impact of pollination treatments on physico-chemical characters of fruit
The data in Table 5 shows that of the fruits obtained, the various parameters were analyzed and found that the color of the fruits 
Impact of pollination treatments on qualitative and quantitative yield parameters
Strawberry crop is a highly cross-pollinated and depends heavily upon pollinating insects for fruit production. The data in Table 4 shows that the percentage of fruit set in open pollinated and control plots was 70 percent and 45 percent, respectively. The data further shows that there was 11.20 percent malformed fruiting in open pollinated treatment as compared to 17.44 percent in controlled one. In open pollinated plots 1.55 folds increase in yield was recorded. The average weight of the fruit in case of open pollinated plants was 15.25 (g) per fruit whereas 12.24 (g) in case of control.
The data presented in Table 4 shows that the fruits obtained from open pollinated plants were well formed and in control a sizeable number of the fruits misshapen. The size of the fruits was medium to large in open pollinated plants compared to control plants.
Fruits obtained from open pollinated plots were superior in physic-chemical characteristics such as the volume of the fruit, specific gravity, the TSS and the acidity. Evidently, insect pollination must be encouraged in strawberry cultivation to boost the quality and quantity of fruit. In general, strawberries depend on pollinating insects for quality and quantity of fruit production. Allen and Gaede (1963) reported that fruit setting of Shasta strawberries in caged and undisturbed plants by man, insects or breeze set no fruits, while those uncaged and undisturbed set 20 percent, uncaged but receiving wind from the fan set 77 percent, whereas those caged but brush pollinated daily set 97 percent flowers. Skrebtsova (1957) reported the influence of visits of honeybees to the strawberry flowers that more visits resulted in heavier berries: 16-20 visits resulted in berries weighing average 5.36 g and 21-25 visits produced berries that averaged 8.13 g. Muttoo (1952) reported that location of an apiary near a strawberry plot increased the average per acre production of berries 840-1225 pounds. Petkov (1963) reported that 31-39 percent of flowers isolated from bees developed fruits compared to 55-60 percent of those freely visited by pollinating insects, the isolated flowers developed 60-65 percent culls compared to 14-17 percent from bee visited flowers and the average weight of fruit from the isolated flowers was only one third of that from the bee visited flowers. The comparison of results between the ''Unpollinated" treatment and others revealed a strong contribution of insect visits for the pollination of strawberry crops, in accordance with other studies (Chagnon et al., 1989 (Chagnon et al., , 1993 López-Medina, 2002; Malagodi-Braga, 2002; Albano et al., 2005a,b; López-Medina et al., 2006) . Cirnu et al., (1978) in Romania, reported that when plants from greenhouses were isolated from honeybees there was 50-59% fruit set compared to more than 80% fruit set when honeybees were present, and the final yield of plants was 107 percent greater. Skrebtsova (1957) reported that the percentage of flowers that set fruit increased with the number of bee visits per flower up to 15-20 visits. She also reported that until about 60 visits had been made the mean weight of the berries continued to increase. Hughes (1962) reported that in caged plants there was a decrease in yield and malformed fruits were produced, some of which were quite unsaleable. Ahn et al. (1989) recorded a 9 times increase in fruit weight when bees were used in strawberry fields. Strawberry flowers produced 11.9 g of fruit on the first cluster without honeybee A. mellifera while with honeybees fruit weight increased by 4 times to 65.9 g, however, with use of A. cerana produced 64.9 g of fruit weight (Chang et al., 2001) . Houbaert et al. (1992) studied the effect of pollination by honey bees on yield and fruit quality of strawberries. They obtained 18 per cent higher yield in bee pollinated plots as compared to those with open pollination. Insufficient pollination and fertilization due to caging led to inferior fruit quality. Chagnon et al. (1989) found that honey bee pollination is essential for commercial fruit production in strawberries, whereas, Gundia (1995) recommended the use of bumble bees for pollination of strawberry in green houses. Evidently, exploration of insect pollinators and management of pests is essential for commercial fruit production in strawberry. The multitude of various factors affecting pollinator attractiveness and their role in fruit production constitutes a problem for investigation.
Selection and management of potential pollinators
The results presented in this study indicate the existence of a set of potentially useful pollinators, with equivalent effectiveness levels, which includes both native pollinators (Syrphidae and native bees) and domesticated honey bees. However, results regarding the Syrphidae group should be interpreted with caution since they were based on a small sample. However, the information gathered in this study, supplemented with the data made available in Albano et al. (2009) , may provide useful information for further discussion on management issues concerning these insects, seeking to maximise pollination in strawberry crops. During the early blooming phases, when the number of indigenous insects (native bees and Syrphidae) are relatively low (Albano et al., 2009) , it is important to advise growers to install beehives of A. mellifera, in order to increase the probability of honey bee visits to compensate the lack of native pollinators. As stated in Albano et al. (2009) , the success of using honey bee colonies may require the use of certain management practices that seek to maintain and enhance the number of foragers throughout the blooming season (Currie, 1997; Ohishi, 1999) . It is important to recognize the competition faced by strawberry flowers, either by other crops or natural vegetation, since this type of crop is not especially attractive to pollinators (Currie, 1997; McGregor, 1976) . Furthermore, strawberry cultivars vary in their attractiveness to pollinators Abrol, 1992) .
The best option for growers may be to increase diversification of pollination sources, avoiding the dependence of a single specific group. The installation of beehives needs to conform to certain recommendations in order to increase the success of their use in this crop in the long term. The monitoring of these beehives by professional apiculture technicians should be considered.
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